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ABSTRACT: A synthetic approach combining hydrothermal and ionothermal (eutectic mixture of choline chloride and malonic acid)
procedures is proposed that allowed the isolation of the first lanthanide-organic frameworks with residues of 1,4-phenylenebis(methylene)-
diphosphonic acid (H4pmd), [Ln(Hpmd)(H2O)] (where Ln3+ ) Ce3+ and Pr3+), exhibiting an unprecedented trinodal topology with 3- and
8-connected nodes. The structural details were unveiled from single-crystal X-ray diffraction and the materials were characterized using
standard techniques.
Metal-organic frameworks (MOFs) are an attractive class of
materials that has received a considerable amount of worldwide
attention over the last two decades.1 This surge has been primarily
motivated by their intriguing structural architectures2 and, more
recently, from their potential applications.3 Remarkably, the most
widely employed synthetic strategy is the solvo(hydro)thermal
method inherited from zeolite chemistry. More recently, ionothermal
synthesis has been used with great success to isolate novel MOFs
or coordination complexes,4-6 zeolites7 and nanomaterials.8 De-
pending on the choice of ionic liquids (ILs) different materials can
be isolated and, to date, 1-ethyl-3-methyl imidazolium bromide
(EMIm-Br) is the most commonly employed IL solvent and
structure-directing agent (SDA).4 However, the corresponding cation
is usually included in the final product to balance the crystal charge
and its removal usually implies a destruction of the framework.
Following our interest in the synthesis and structural characterization
of MOFs,9 in particular those with lanthanides, here we wish to
describe a simple and effective method that combines hydrothermal
and ionothermal synthetic concepts (hydro-ionothermal synthesis,
HI): eutectic mixtures of choline chloride and malonic acid (CM,
melting point 10 °C)10 having a small amount of intentionally added
distilled water were used as the solvent media in the reaction of
lanthanide ions with a bisphosphonic acid source. CM mixtures
have been profitably used in the preparation of a number of d-block
oxalophosphates and oxalo-phosphonates,6 but their use with
lanthanides and flexible chelating ligands is unknown to date.
The reaction between tetraethyl-p-xylylenebisphos-phonate (tex-
bp) and LnCl3 ·6H2O (Ln3+ ) Ce3+ and Pr3+) in preprepared
homogeneous eutectic mixtures of CM,11 led to the isolation of
phase-pure crystalline materials which were formulated as
[Ln(Hpmd)(H2O)] (where Ln3+ ) Ce3+ for 1 and Pr3+ for 2;
H4pmd ) 1,4-phenylenebis(methylene)diphosphonic acid, see
Scheme 1) on the basis of single-crystal X-ray diffraction studies12
and CHN elemental composition studies in combination with EDS
data. Even though a handful of frameworks with d- and p-block
elements and H4-xpbp-x residues have been reported,13-16 the
compounds described here constitute the first examples of frame-
work materials with this ligand coordinated to lanthanide centers.
The bulk materials are highly crystalline even though an almost
absence of isolated single crystals is clearly notorious (see SEM
images in the Supporting Information). Small fragments (cut
manually under the microscope) were selected for X-ray structural
analysis but, noteworthy, these still diffracted weakly at high angles.
Diagnostic vibrational spectroscopy bands (FT-IR and FT-Raman,
see the Supporting Information)15,16 and powder X-ray diffraction
data (data not shown) fully supported the presence of two
isotructural materials. It is important to emphasize that despite the
HI approach was highly reproducible conventional hydrothermal
or ionothermal methods failed to produce the desired frameworks
(1 and 2).
The in situ generation of H4pmd (Scheme 1) during the HI
synthesis was also unequivocally confirmed by the direct isolation
of this organic molecule from the slow evaporation of the autoclave
mother liquors from different batches. It is feasible to assume that
the addition of a small amount of distilled water to the reactive
mixtures promotes hydrolysis of the ester groups of tepbp, thus
producing the diphosphonic acid precursor. The crystal structure
of this organic molecule, unknown to date,17 was determined in
the monoclinic P21/n space group.18 Structural details, including
the extended hydrogen bonding network involving the phosphonic
acid groups, are provided as Supporting Information.
1 and 2 contain a single crystallographically independent Ln3+
center coordinated to one water molecule and to five O-atoms from
phosphonate groups in a seven-coordination environment, {LnO7}
(Figure 1). If the O,O-chelated P2 phosphonate group is counted
as a single coordination site (bite angles of 56.1(3) and 56.7(2)°),
the coordination polyhedron can ultimately be envisaged as a highly
distorted octahedron with the cis and trans angles being in the ranges
80.2-109.6° and 156.6-172.0° (for 1) and 80.4-107.5° and
157.2-172.4° (for 2), respectively. We note that this type of O,O-
chelation is relatively common among crystalline phosphonate-based
complexes or materials with various metallic centers which include
alkali and alkaline earth elements, transition metals and also a
handful of rare-earth cations.17 This phosphonate group further
establishes a bridge with a neighboring Ln3+ cation leading to the
formation of centrosymmetric dimers as depicted in Figure 2
(bottom right). The intradimeric Ln1 · · ·Ln1iii distances are of
4.1365(17) and 4.1194(12) Å for 1 and 2, respectively [symmetry
code: (iii) 2 - - x, -y, -z]. Structural robustness within this
dimeric unit is further ensured by the presence of strong and highly
directed O-H · · ·O hydrogen bonds involving the coordinated water
molecules and the protonated P1 phosphonate groups (see Figure
2, bottom right). Units are interconnected in the ab plane of the
unit cell leading to the formation of a purely inorganic lanthanide
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hydrogenophosphonate layer (Figure 2, top right). Within this
inorganic layer, the closest distances between dimeric units are that
of the length of the a- and b-axes. Connections between adjacent
layers are ensured by the Hpmd3- organic pillars leading to an
alternation along the c-axis of organic and inorganic fragments as
depicted in Figure 2.
Taking as network nodes the phosphorus atoms (two crystallo-
graphically independent) and the center of gravity of the afore-
mentioned dimeric unit, 1 and 2 can be envisaged as trinodal
frameworks built-up from two types of 3- (P-atoms) and one type
of 8-connected (dimeric unit) nodes with a total Schla¨fli symbol of
{4.62}4{44.68.816} (Figure 3). To the best of our knowledge, this
topology is new.19
Thermogravimetric studies unveiled an unusual thermal stability
for 1 and 2 among the MOF family. Indeed, coordinated water
molecules and most likely a partial dehydration of the coordinated
Hpbp3- ligand occurs only after ca. 270 °C (see the Supporting
Information). Up to 700 °C further weight losses are relatively
negligible, which is a strong indication that the pillaring organic
Figure 1. Polyhedral representation of the coordination environment
of the Ln3+ centers present in [Ln(Hpmd)(H2O)] (where Ln3+ ) Ce3+
for 1 and Pr3+ for 2). Selected bond lengths (in Å) for 1/2: Ln1-O1
2.362(10)/2.340(8); Ln1-O3i 2.321(12)/2.307(8); Ln1-O4 2.567(10)/
2.561(7); Ln1-O4iii 2.488(11)/2.462(8); Ln1-O5 2.615(11)/2.578(8);
Ln1-O6ii 2.419(10)/2.403(8). A listing of the bond angles is provided
as Supporting Information. Symmetry transformations used to generate
equivalent atoms: (i) 2 - x, 1 - y, -z; (ii) 3 - x, -y, -z; (iii) 2 - x,
-y, -z.
Figure 2. Mixed ball-and-stick and polyhedral representation of the crystal structure of [Ln(Hpmd)(H2O)] (where Ln3+ ) Ce3+ for 1 and Pr3+ for
2) emphasizing the alternation along the [001] direction of inorganic lanthanide hydrogenophosphonate layers with organic moieties. O-H · · ·O
hydrogen bonds within the centrosymmetric dimeric units are represented as blue-dashed lines. Hydrogen bonding geometry (for 1/2): O1W-H1B · · ·O5
d(D · · ·A) ) 2.889(16)/2.776(11) Å and ∠(DHA) ) 150/168°; O2-H2 · · ·O6 d(D · · ·A) ) 2.672(16)/2.664(12) Å and ∠(DHA) ) 158/169°. Symmetry
codes associated with equivalent atoms have been omitted for clarity.
Figure 3. Topological representation of the trinodal frameworks of
[Ln(Hpmd)(H2O)]: P1 and P2 correspond to 3-connected nodes and
the center of gravity (Cg) of the lanthanide dimeric units are 8-connected
nodes. Internodal distances: P1 f P1 7.90 Å; P2 f P2 8.44 Å; P1 f
Cg 5.01 and 5.54 Å; P2 f Cg 2.81 and 4.26 Å.
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residues remain intact within the framework. This behavior is in
line with that described for similar materials, in particular with those
reported by Zhu and Qiu and collaborators (a layered Co2+ material
which exhibits reversible dehydration properties)13 and Stock and
co-workers.15 Further studies on the detailed decomposition pathway
of these compounds are in progress.
In conclusion, a new “hybrid” approach combining hydrothermal
and ionothermal strategies (based on eutectic 1:1 mixtures of choline
chloride and malonic acid) has been presented which allowed the
isolation of the first lanthanide-organic frameworks having residues
of 1,4-phenylenebis(methylene)diphosphonic acid, exhibiting a new
trinodal structural topology and high thermal stability. The present
work may open new perspectives in this field of research based on
the simple idea of combining distinct synthetic strategies to direct
the self-assembly of new multidimensional materials with intriguing
architectures. At present, we are developing the strategies here
described with other lanthanide ions with the final objective to
isolate photoluminescent materials.
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